. Indeed, recent ice-shelf collapse led to retreat and acceleration of several glaciers on the Antarctic Peninsula 5 . But the extent and magnitude of ice-shelf thickness change, the underlying causes of such change, and its link to glacier flow rate are so poorly understood that its future impact on the ice sheets cannot yet be predicted 3 . Here we use satellite laser altimetry and modelling of the surface firn layer to reveal the circum-Antarctic pattern of ice-shelf thinning through increased basal melt. We deduce that this increased melt is the primary control of Antarctic ice-sheet loss, through a reduction in buttressing of the adjacent ice sheet leading to accelerated glacier flow 2 . The highest thinning rates occur where warm water at depth can access thick ice shelves via submarine troughs crossing the continental shelf. Wind forcing could explain the dominant patterns of both basal melting and the surface melting and collapse of Antarctic ice shelves, through ocean upwelling in the Amundsen 6 and Bellingshausen 7 seas, and atmospheric warming on the Antarctic Peninsula 8 . This implies that climate forcing through changing winds influences Antarctic ice-sheet mass balance, and hence global sea level, on annual to decadal timescales.
Over 80% of Antarctica's grounded ice drains through its fringing ice shelves, and glacier flow is sensitive to changes in ice-shelf extent 5 and thickness 4 . Ice-shelf collapse could lead to abrupt and potentially runaway ice-sheet retreat 9 . At their upper surfaces, ice shelves are vulnerable to changes in atmospheric conditions and at their bases they are exposed to heat transported at depth within the Southern Ocean 10 ; they lose mass if basal melting or iceberg calving increase, or glacier influx or the surface mass balance (snow accumulation minus ablation) decrease. Basal melt rates vary considerably with thermal forcing: a function of local ocean temperature and ice thickness as the melting point is depressed with depth 11 . The strongest thermal forcing and highest melt rates (over 40 m yr 21 ) are found near the deep grounding line of Pine Island Glacier, West Antarctica 11 , where recent observations have shown enhanced basal melting in response to modest ocean warming and a local feedback between ice-shelf retreat and greater warm-water ingress 10 . Loss of ice-shelf buttressing there 12 has increased the flow rate of grounded ice by 34% from 1996-2006, contributing a sea level rise of 1.2 mm per decade 2 . Ice shelves are thought to be thinning in other locations 13 , but the importance of reduced buttressing for ice-sheet dynamics on the continental scale is not known.
Here, we present thickness changes for all of the major Antarctic ice shelves and neighbouring grounded ice for the period [2003] [2004] [2005] [2006] [2007] [2008] . We measure the rate of surface height change (Dh/Dt) by using a time series of repeat-track satellite laser altimetry 1 . The laser altimeter on NASA's ICESat satellite 14 was primarily designed to detect height change on the ice sheets. It has several advantages over satellite radar altimetry (which is traditionally used for this purpose): an orbit that samples all major Antarctic ice shelves; smaller footprints with wellconstrained locations and closer along-track spacing; and negligible surface penetration, regardless of season 14 . Our measurements reveal coherent patterns of ice-shelf elevation change rate (Dh/Dt) at the scale of centimetres per year (Fig. 1) signals and separation of surface and basal processes, and show in detail the relationship between thinning of ice shelves and grounded tributary glaciers. These improvements allow us to identify the major cause of grounded Antarctic ice-sheet mass loss.
The distribution of Antarctic ice-shelf thinning (DT/Dt) is strongly regional (Fig. 2) , being most rapid (up to 6.8 m yr Table 1) . Firn modelling on the ice shelves (Supplementary Fig. 2 ) indicates that the firn layer actually thickened throughout this region, mostly through increased accumulation, consistent with ICESat measurements on nearby slow-moving grounded ice (Fig. 3) . These neighbouring ice shelves with similar atmospheric forcing but contrasting elevation change signals must therefore be subject to some regional forcing other than local climate. Furthermore, all of the thinning ice shelves maintained their frontal positions or advanced ( Supplementary Fig. 3 ) while simultaneously receiving increased influx from their tributary glaciers 2 . Hence, this regional thinning is not explained by negative surface mass balance, firn compaction, retreating ice-shelf fronts or by reduced glacier influx. We deduce that it is caused by increased basal melt driven by ocean interaction.
Our analysis reveals that there is also evidence of net thinning through enhanced basal melt on the East Antarctic ice shelves Vigridisen, 17E, West, Shackleton, Holmes Glacier, Dibble, Rennick Glacier and the thicker part of Totten. The Nivlisen, Moscow University and 152E ice-shelf surfaces appear to have lowered as a result of firn processes (Fig. 2, Supplementary Figs 4-6 , Supplementary Table 1 ). On the western Antarctic Peninsula, the Stange Ice Shelf and the thicker sections of the George VI Ice Shelf also lowered at a rate greater than the modelled firn-lowering signal in this region, indicating ocean-driven basal melt (Fig. 4, Supplementary Fig. 7) . (Fig. 4, Supplementary Table 1 ). This south-north gradient is echoed in the mapped firn-air content (lesser northwards) 15 and melt days (greater northward), and a temporal trend of 10.5 melt Table 1 ).
LETTER RESEARCH days per year 2 over most of Larsen C from 1979-2009 was reported 16 . We infer that the lowering on the ice shelf and slow-flowing grounded margins is dominated by surface firn processes instead of basal melting, though acceleration of ice-shelf flow in the north may also have contributed to the thinning signal and the modelled firn depth in this area is uncertain (Supplementary Material and Discussion).
Every case of ocean-driven ice-shelf thinning that we identify is linked with previously documented dynamic thinning of grounded, fast-flowing tributary glaciers (Supplementary Table 1) 1,2 . In the absence of significant surface-mass-balance trends (Supplementary Methods 1.2), dynamic thinning accounts for almost all current mass loss from the Antarctic ice sheets and results from glacier acceleration owing to decreased net downstream resistance 1, 2 ; we attribute this to a reduction in buttressing from the thinning ice shelves 17 . The alternative scenario of dynamic thinning driven by reduced friction at the glacier bed would imply ice-shelf thickening and advance, which is contrary to our observations. A similar attribution of dynamic thinning to ocean-driven melt of marine margins has been made for some Greenland glaciers 18 . Ice-shelf thinning by basal melt implies an increased oceanic heat supply into the sub-ice-shelf cavities. This has been explained by fluctuating incursions of Circumpolar Deep Water (CDW) across the continental shelf of the Amundsen and Bellingshausen seas that sometimes come into contact with the ice-shelf bases, increasing the melt rate 6, 7, 10 . Originating in the wind-driven Antarctic Circumpolar Current, CDW is relatively warm (over 1 uC), saline and dense. In places, CDW approaches the Antarctic coast (Fig. 2) and is channelled at depth (typically deeper than ,300 m) along bathymetric troughs in the sea floor beneath the ice shelves 19 . At these depths, CDW is up to 4 uC above freezing and so can drive vigorous basal melt 10 . Many major Antarctic glaciers lie in retreated positions within glacially eroded troughs that span the continental shelf and deepen towards the ice sheet (Fig. 2) , and so are well positioned to respond to CDW incursions.
Our observations support this explanation: the most rapid thinning occurs on thick ice shelves with relatively high sea-floor temperatures and deep bathymetric troughs spanning the continental shelf (Fig. 2) . This is most apparent on the Amundsen Sea coast, where the only ice shelves not thinning (Abbott, Nickerson and Sulzberger) are those not exposed to deep-lying warm water because they have shallow drafts, lack deep bathymetric troughs or are remote from CDW (Figs 2 and 3) . On the Antarctic Peninsula, thinning of the George VI Ice Shelf is also concentrated on the thickest area that is most likely to be exposed to shoaling CDW 7, 20 (Figs 2 and 4) . Incursions of CDW can be driven by wind forcing, through upwelling along the continental shelf break 6, 21 and vertical mixing. Mixing of CDW with colder, shallower layers over the continental shelf has been inferred following a wind-driven landward shift of the sea-ice formation zone 7 . The link between changing wind fields and heat redistribution in coastal Antarctica is poorly understood, but wind forcing has changed markedly over recent decades 22 . Increased circumpolar winds have caused strong warming of the Southern Ocean since the 1950s through a poleward shift in the Antarctic Circumpolar Current 23 and increased eddy heat flux 24 . Increased atmospheric flow over the Antarctic Peninsula since the 1960s has increased surface melt and initiated the collapse of the Larsen A and B ice shelves 8 . Changing cyclonic winds over the Amundsen Sea have brought a significant sea-ice decline and significant West Antarctic spring climate warming since the late 1970s 25 . These changes in wind forcing have been attributed to a combination of changing tropical Pacific sea surface temperatures 26, 27 , and stratospheric ozone loss and increased greenhouse RESEARCH LETTER gases 28 . Less is known about CDW incursions and the role of wind forcing along the East Antarctic coast, where typically cooler waters bathe the continental shelf, but warm waters lie close offshore (Fig. 2) .
To summarize, we find thinning attributed to ocean-driven basal melt on 20 of 54 ice shelves, with the most widespread and rapid losses (up to ,7 m yr
21
) on the coast of West Antarctica, where warm waters at depth have access to thick ice shelves via deep bathymetric troughs. There is evidence that changes in wind forcing explain both the increased oceanic supply of warm water to thinning West Antarctic ice shelves, and the atmospheric warming on the Antarctic Peninsula that caused the loss of Larsen A and B and now dominates the thinning of Larsen C. That is to say, both processes are ultimately linked to the atmosphere. Both mechanisms imply that Antarctic ice shelves can respond rapidly to Southern Hemisphere wind patterns that vary on timescales of years to decades.
We find that ocean-driven ice-shelf thinning is in all cases coupled with dynamic thinning of grounded tributary glaciers that together account for about 40% of Antarctic discharge and the majority of Antarctic ice-sheet mass loss 2 . In agreement with recent model predictions 17 , we conclude that it is reduced buttressing from the thinning ice shelves that is driving glacier acceleration and dynamic thinning. This implies that the most profound contemporary changes to the ice sheets and their contribution to sea level rise can be attributed to ocean thermal forcing that is sustained over decades 12 and may already have triggered a period of unstable glacier retreat 9 .
METHODS SUMMARY
Measuring change in ice-shelf thickness from altimetry is challenging because of confounding signals from tides, atmospheric pressure fluctuations, near-surface firn processes and sea-level rise. Furthermore, elevation change of the floating surface can represent anything from about 10% of total thickness change (for loss of relatively dense basal ice) to 100% (for loss of air trapped in near-surface firn). We use ICESat GLA12 Release-428 altimetry data from October 2003 to November 2008 (http://icesat.gsfc.nasa.gov/icesat) to measure height change 1 . We correct for confounding signals, subtracting the elevation change modelled for near-surface firn processes (surface mass balance and firn compaction). We use CATS2008A (http://www.esr.org/polar_tide_models/Model_CATS2008a.html) to model tides, RACMOv2.2/ANT27 to model climate and UUFIRNMODELv2.1/ANT to model firn height change (Supplementary Methods). Supplementary corrected ICESat and firn modelling data are available 29 . Where hydrostatic equilibrium applies, we calculate the underlying changes in ice thickness (DT) of the ice shelves from the corrected change in freeboard. Our error budget accounts for uncertainty in ICESat measurements, in the correction of each of the confounding signals and in our height change calculations. We find that the uncertainty in spatially averaged ICESat Dh/Dt averages 0.007 m yr 21 but uncertainty in DT/Dt is dominated by uncertainties in the firn correction (averaging 0.09 m yr 21 and 0.02 m yr 21 respectively on ice shelves with and without melt) (Supplementary Methods).
We test for changes in volume due to changing glacier influx or ice-shelf geometry 4 using published measurements 2, 13 and recent satellite images of iceshelf extent (http://www.polarview.aq) (Supplementary Discussion). We then relate the pattern of our calculated ice shelf DT/Dt to bathymetry 30 (http://www. earth-syst-sci-data.net/2/261/2010/essd-2-261-2010.pdf) and sea-floor potential temperatures from the World Ocean Circulation Experiment Southern Ocean Atlas (http://woce.nodc.noaa.gov/wdiu/).
